Abstract: Digital planar holography enables the creation of a new generation of integrated photonic circuits with desired transfer function. We give here, for the first time, the basis for designing computer-generated planar holograms and demonstrate their application for spectroscopy-on-chip. Nanospectrometer chips are demonstrated with unmatched spectral resolution of up to 2 Á 10 5 . A specific configuration is demonstrated for easy integration of planar holograms into the full spectrometer system. The ultraminiaturization and very high performances of the devices are a breakthrough in spectroscopy and open a novel route for the digital processing of light.
Introduction
Holography is a powerful method for encoding any optical information such as an image or any transmission function into a material substrate [1] . A hologram typically consists of a combination of millions of subwavelength features recorded on a transparent media. The first analog holograms were made with conventional photomaterials, copying existing objects only [1] . Computergenerated holography emerged when lithography processes moved to subwavelength patterning [2] . Computer program generates the position of millions of holographic pixels, which are replicated onto a mask or film. Until very recently, computer-generated holography was mostly limited to reproducing small pictures like logos [3] . The development of holographic based photonic devices is difficult in the case of 3-D thick holograms where the light travels through a hologram in a very short pathway. To scatter light on micrometer scale, the perturbations must be strong, thus leading to ghost images, loss of light, and limited capacity to write many images on the same hologram [4] , [5] . The utilization of planar waveguides in holography for the first time was proposed in 1976 [6] . Since then, a number of approaches have been studied to develop in-plane [7] and off-plane [8] , [9] computer-generated holograms based on planar waveguides. The idea of our new planar geometry named digital planar holography (DPH) is to let the light travel inside a hologram for thousands of wavelengths ðÞ in order to increase significantly the possibility for light processing. This concept was used for volume holographic memory [4] , but the development of computer-generated volume holograms is very limited due to their difficult and expensive fabrication [10] . As opposed to this, the DPH technology allows easy writing of an arbitrary computer-generated hologram onto a planar waveguide with very long light pathway [11] , [12] . We apply here this approach for creating and reproducing photonic transfer functions of very high-resolution spectrometer-on-chip.
Photospectrometers are standard tools for analyzing the spectral content of light and are used in various fields from biomedicine to materials sciences. The core-component of spectrometers is a dispersive element that deflects the light according to its wavelength ðÞ. All known commercial spectrometers are based on old-fashioned optical elements such as Bragg gratings, or prisms, for which the light is deflected continuously in its full desired range of wavelengths. The optical elements are mechanically tuned according to the wavelength to be detected. High-resolution spectrometers are mainly limited to expensive and bulky systems [13] , whereas the microelectromechanical systems (MEMS)-based spectrometers [14] - [16] are still complex and expensive systems which are not suitable for full-chip integration, and their performance is still limited in terms of spectral resolution. Arrayed waveguide grating spectrometers [17] have recently emerged as a promising alternative and can reach spectral resolution of around 0.2 nm in the visible range [18] , but the technology is not very versatile, and crosstalk between channels is still large.
The integration of the optical spectrometer into compact and high sensitive detection systems, as laboratory-on-chip devices, has been held up by the inadequacy between integration requirements and properties of actual dispersive elements. Recent progress in nanophotonics allows the control of the light at the nanometer scale and promises the emergence of ultraminiaturized spectrometers based on photonic crystals [19] , [20] , arrayed waveguide gratings [21] , or microring resonators [22] . However, these approaches are not versatile, and the actual spectrometer chips are limited to a small number of channels and near-infrared wavelength range. In general terms, a spectrometer is characterized by Fourier components f in ðx ; y ; !Þ and f out ðx ; y ; !Þ
of incoming ðf in Þ and outgoing ðf out Þ electric field components of the waves propagating between input and detector array. These functions are directly related to the variation of the effective refractive index Án in the following form:
Our simple idea consists of converting the transfer function Án of desired spectrometer properties to a binary form and of replicating this function into 2-D computer-generated holograms. A computer-generated hologram consists of millions of lines (pixels) etched into a planar waveguide core (see Fig. 1 ). The position of each line represents one Bbit[ (0 or 1) of the hologram, and each bit influences the whole transfer function of the photonic element. The linewidth (w) of the dashes composing the hologram is defined by the operating wavelength and is usually close to one quarter of the guided light wavelength ðÞ, resulting in strong backscattering. For spectrometers with oblique reflections (see Fig. 2 ), the linewidth is larger and is determined by the angle between incoming and outgoing beams. The depth of lines depends on the refractive index contrast between the waveguide core and the upper cladding. The total number of lines defines the spectral selectivity and the number of channels. The concept of our spectrometer-on-chip is based on the simple multiplexer/demultiplexer-on-chip devices proposed by Henry et al. [23] . Their component consisted from four separate elliptical Bragg gratings, each focusing (property of ellipse) light of specific wavelength (property of grating period). Since the gratings should be placed in a row, a 100-channel device would be by far too long. In our DPH configuration, all channels are written on the same surface, and the hologram has the same length, as a single channel device, based on the elliptical Bragg grating. The photonic bandgap concept is useful to explain the flat top of a transfer function [24] . Light waves cannot propagate in the bandgap; therefore, in an ideal model, all energy will be reflected in the same direction. The width Á! of the bandgap is proportional to the variation Án of effective refractive index of the corresponding Fourier harmonic with a typical variation: Á!=! ¼ Án=n. Inside the bandgap, the amplitude of light decays exponentially with characteristic length L, which is also close to the length of our holograms
Digital Planar Holography
We have developed a specific [25] numerical codeVcalled Program SPECTROPLANVin order to generate e-drawings of our planar holograms. The method allows the design of a large variety of device geometriesVdirect input, angular input, and custom-made spectral holograms with discrete dispersion. Our numerical code allows finding the Green function of the stationary wave equation for the monochromatic light propagating along a planar hologram, as an element of the optical design. The boundary conditions are the source at the place of input fiber tip and outgoing waves from the hologram. The program finds all transverse electric (TE) and transverse magnetic (TM) core modes, which can propagate both in the planar wafer and near in outer space. The hologram is modeled by the binary variation of the effective refraction index Án for a particular mode due to the depth of the dashes. Mathematically, the the ratio of the hologram size to the size of the feature can be as large as 1 cm=100 nm ¼ 10 5 , and thus, many time steps are required until relaxation. Our code is fast and efficient since it can fully solve the problem by integration over the hologram surface. We solve a specific problem of binary hologram, and only matching the boundary conditions at the surface of the hologram features is required.
The approach is similar to the finite element method (FEM), except that the number of the elements can be as large as 1 billion, which makes FEM inefficient. We settle this inefficiency by using small parameters in our problem. In particular, we use low variation of the refraction index in our holograms. This approximation is valid because the etch depth of dashes is usually quite small in comparison with the core thickness, which makes the useful induced scattering much stronger than the light scattering. SPECTROPLAN-code is used for the generation of elementary binary DPH structures describing the transfer function of one spectrometer. First, we calculate a continuous generation function in which the interference of incoming and outgoing waves from the desired spatial locations is taken with some initial weights and phases. Then, the generation function is digitalizedVthe positive values of the function are reserved for the etched areas. After that, we represent (with the desired accuracy) the etched areas by the rectangular of the same width. Then we apply rarefaction to reduce duty ratio and make the printing stable by reducing the proximity effects. Finally, we apply additional rarefaction at the ends of the hologram (spatial apodization) to reduce the light intensity in the sidelobes of radiation. The direction angle of incoming and outgoing waves in the DPH needs to be kept low enough in order to reduce existing transient effects at both sides of the hologram, where the input and output beams do not overlap, limiting the efficiency of induced reflection.
A computer-generated planar hologram is generated as a synthetic composition of N gratings, where N is the number of channels of DPH-device. Each subgrating is formed by a system of ellipses with the same focus. One focus is placed at the input point of the DHP, which is common for all channels, whereas the second focus is placed at the output point of the channel. The position of the output point depends on the channel number. Usually, the output points are positioned equidistantly along an output line of the DHP. The amplitude of reflection of a wave on a single dash is proportional to Án=n. If total reflection is small, then its amplitude is proportional to
where M is total number of dashes along the input beam. The intensity of the reflection is proportional to square of L and square of Án=n. Thus, to reflect about half of the input beam, the following scaling should be fulfilled:
where k is a typical wavenumber of the input wave, and C 1 is some numerical coefficient that is rather small ($0.05), determined by simulations with our software SPECTROPLAN, and depends on general geometry of the DHP and number of channels. The second important scaling is determined by
where k is width of the spectral response function of each channel. The spectral channel spacing Ák and the width k of the channels are related as
Computer experiments with the code SPECTROPLAN show that the coefficients C 2 and C 3 are on the order of 1, depending on the entire geometry of the DPH and belong the interval 0.5-1. The interval of spectral space between the wave vectors of marginal channels of DPH is denoted as Dk . The total number of channels N and the length of holograms L are finally determined with the (5)-(7). Fig. 2 . A 52-channel spectrometer in a spectral range of 520-525 nm has been computed with a core-cladding refractive index contrast of 3%. Details on the spectral response function of two adjacent channels [see Fig. 2(a) ], as well as for various channels along the spectral range [see Fig. 2(b) ], demonstrate that the peak reflections are almost uniform over the whole spectral range.
An example of results for simulations of wave propagation with SPECTROPLAN is depicted in

Experimental Details and Results
Holograms were fabricated into a SiO 2 Ge x waveguide core by electron beam lithography and reactive ion etching. Spectrometer chips are measured with a homemade optical setup [26] , [27] . Two laser sources were used to tune wavelengths between 400 and 700 nm. Details on nanofabrication of holograms and optical characterization of spectrometer chips are given in [26] and [27] . Two families of DPH Spectroscopes have been fabricated and tested: the devices with direct input-output of light as reported in [24] and a new configuration with angular input of light facilitating the DPHdetector assembly (see Fig. 3 ). Light is coupled to the device via single mode fiber, the output of which is either butt coupled to the hologram input or focused to the input with a micro objective. Depending on the hologram design, the required alignment accuracy is about 0.5 m in the fast (i.e., perpendicular to the planar waveguide with the hologram) direction and 3-5 m in the slow direction along the output edge of the planar. A linear CCD array is attached in a close proximity to the device output plane. Special attention was paid to get information required for optimizing the design of spectroscopes and for finding optimum conditions in fabrication process in order to maximize the reflection efficiency of the device while keeping low crosstalk between channels.
Nanospectrometers with a broad range of parameters have been successfully demonstrated (Figs. 4 and 5) . The number of channels is varied from 22 up to 1000, the channel pitchVfrom 1 to 50 m and the channel spacingVfrom 1 nm to 0.015 nm. As an example, Fig. 4 displays the spectrum of a tunable testing laser (around 0.3 nm full-width at half-maximum value) measured at the output of a 64-channel spectroscope. It clearly demonstrates the discrete character of dispersion in digital holographic spectrometers. The channel spacing for this device is around 0.015 nm, while the spectral width of the channel is around 0.005 nm, corresponding to a spectral resolution ðÁ=Þ higher than 1. 2 10 5 . In general, the spectral resolution of DPH spectrometers is limited by the length of its hologram and the properties of the planar waveguide core films. The spectral resolution is directly proportional to the numbers of dashes for one hologram. A resolution around 10 5 is close to the maximum possible with present technologies for wafer fabrication (optical homogeneity) and lithography as well. The optical characteristics of fabricated photospectrometer were measured, such as channel spacing, channel pitch, spectral dispersion, and the shape of channels in spectral space. To illustrate this, the responses taken at the output of a 128-channel silica-on-silicon DPH spectrometer to a probe laser for various input wavelength values are depicted in Fig. 5(a) . The pronounced crosstalk observed in the response curve cannot be accounted for only by the finite width of a probe laser but is also a specific feature of this given device, which is in full accord with simulation. To retain spectral lines when interpreting the spectroscopic measurement, the spectroscopes with discrete dispersion were designed to have the crosstalk of 10%-30%. The close values of a crosstalk were observed in experiments.
The radiation scattered out from a hologram in the direction perpendicular to the DPH surface was also studied to measure the performance of holograms. In our early experiments, it was shown that the fraction of light, scattered in 3-D, does not exceed 2-3% for 4-channel devices but increases by a factor of 2 to 3 following the increase in the number of channels up to 16 [12] . It corresponds to energy losses in DPH multichannel devices and potentially decreases the spectrometer throughput. As first approximation, the intensity of scattered light is proportional to the local energy density in a hologram and reveals hologram performance. Different mechanisms contribute to the energy distribution of scattered light, namely, passive losses (volume absorption), back reflection of the light for resonant wavelengths, and upward scattering off the holograms. Fig. 6(a) shows an example of energy distribution taken in experiments with two 128-channel devices with direct input-output planes similar to that mentioned above. Resonant reflection band of holograms spans from 640 nm to 690 nm. The only difference between the two devices was the etching depth of the hologram grooves that is reflection efficiency. The increase in depth of dashes from 120 nm to 250 nm results in a sharper energy distribution close to the hologram's input [see Fig. 6(b) ]. According to our estimates, the level of passive losses is negligible. Dissipation effects are mainly governed by 3-D scattering and resonant backward reflection in planar modes. Comparison of the fraction of scattered power for different input wavelengths is listed in Table 1 . It is found that 3-D scattering is strongly affected by different spatial distribution of light energy along the planar hologram associated with different etching depths of the hologram. Fig. 6 shows that smaller etching depth increases the overall 3-D scattering, whereas the maximum relative flux per unit area does not vary with the depth. It is also observed that the maximum of the power-scattered perpendicular to the DPH is reached in the middle of the bandwidth of the spectrometer. The scattering power decreases toward the boundaries of the wavelength band and becomes minimal out off it, indicating that the energy of the light coupled in the planar core is mainly scattered upon the holograms. The measurement of the 3-D scattering is a useful tool for the investigation of light propagation along the holograms. The spatial distribution of the scattered light gives information on the penetration of the beam. In this work, the scattered light is found to be a minor part of the total energy coupled into the planar. The strong correlation between the 3-D scattered power and the wavelength relative to resonant band, the number of channels, the depth etching, and the length of the hologram indicates clearly that this effect would not affect the desirable reflection of light in planar.
Conclusion
This paper demonstrates the highest performances for spectrometer-on-chip reported in the literature by computer-generated holograms and presents the distribution of the light in the holograms according to their etching depths. The basis of SPECTROPLAN software for fast designing planar holograms corresponding to a specific transfer function is presented. The method is successfully applied to fabricate nanospectrometer chips with unmatched spectral resolution up to 2:10 5 . We strongly believe that the full integration of computer-generated planar holograms at the level of one chip opens a route for development of miniaturized and very sensitive sensor-on-chip and is a powerful approach for the digital processing of light.
